Objective: The role of short-term mechanical circulatory support has increased in patients with refractory cardiogenic shock. However, limited data exist on the outcomes of a bridge to a durable left ventricular assist device strategy using shortterm mechanical circulatory support.
Results:
The mean age of the bridged cohort was 53 AE 10 years, and 87% were male. The types of initial support included percutaneous devices in 24 patients (53%) and external continuous-flow ventricular assist device in 21 patients (47%). The median duration of short-term mechanical circulatory support was 14.0 (interquartile range, 7.5-29.5) days. The short-term mechanical circulatory support significantly improved end-organ function and hemodynamics. After conversion to durable left ventricular assist device insertion, in-hospital mortality was 18%. The incidence of right ventricular assist device use was high at 27%. The overall survival was 70% and 62% at 1 and 2 years, respectively. Cox multivariate hazard analysis in the entire cohort demonstrated that the use of a postoperative right ventricular assist device was a significant predictor of overall death (hazard ratio, 4.04; P<.001; 95% confidence interval, 1.97-7.94), but the use of a short-term mechanical circulatory support was not (P ¼ .937).
Conclusions: Short-term mechanical circulatory support can optimize patients in refractory cardiogenic shock and serve as a bridge to implantation of a durable left ventricular assist device. However, the early mortality rate after durable left ventricular assist device implantation is high because of unrecognized right ventricular failure. (J Thorac Cardiovasc Surg 2017;153:752-62) Short-term mechanical circulatory support can serve a bridge to durable LVAD therapy.
Central Message
ST-MCS can optimize patients in refractory cardiogenic shock and serve as a bridge to durable LVAD. However, the early mortality rate after durable LVAD implantation is high because of unrecognized right ventricular failure.
Perspective
No established guidelines exist on the approach before durable LVAD implantation for patients in refractory cardiogenic shock. This study shows the usefulness of ST-MCS as BTB therapy for patients in refractory cardiogenic shock at a single high-volume center. The results will allow better strategy in selection and treatment for patients in cardiogenic shock.
See Editorial Commentary page 763.
Left ventricular assist devices (LVADs) have become the standard of care for patients with end-stage heart failure as a bridge to transplant therapy and as a destination therapy. [1] [2] [3] The 7th annual Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS) report stated that approximately 15% of all patients underwent LVAD implantation in an INTERMACS profile I; this rate has not changed in the past several years. 4 Despite improving overall outcomes, worse outcomes of patients with an INTERMACS profile I have been reported compared with those of patients with other profiles. 4 The major problems of patients with refractory cardiogenic shock and an INTERMACS profile I include not only collapsed hemodynamics but also other end-organ dysfunction or uncertified neurologic status. At the first encounter with patients in cardiogenic shock, the candidacy for destination therapy or bridge-to-transplant LVAD often is unclear. In addition, because of the acuity of the illness, the time available to make a decision is limited. Therefore, an alternative approach instead of primary implantable LVAD insertion can be considered using short-term mechanical circulatory support (ST-MCS) for patients with refractory cardiogenic shock. This treatment strategy is considered bridge-to-bridge (BTB) therapy. [5] [6] [7] The advantage of this strategy is that hemodynamic stability and end-organ function improvement can be achieved before long-term durable LVAD implantation. 5 However, little data exist on the outcomes of the bridge to durable LVAD strategy in the population receiving BTB therapy. The purpose of this study was to elucidate the short-and midterm outcomes in patients receiving BTB therapy.
MATERIALS AND METHODS Patient Selection
The Columbia University Medical Center Institutional Review Board approved this study. A total of 382 patients who received continuous-flow LVADs between March 2004 and December 2014 at the Columbia University Medical Center were retrospectively reviewed. Of these patients, 45 (12%) received ST-MCS for refractory cardiogenic shock before undergoing durable LVAD implantation surgery (BTB group). We analyzed the clinical results of these 45 patients.
Strategy for Patients in Refractory Cardiogenic Shock
Our strategy for patients in refractory cardiogenic shock is shown in Figure E1 . In general, all patients in refractory cardiogenic shock received ST-MCS devices to stabilize and optimize their condition during this study period. Refractory cardiogenic shock is characterized by a systolic blood pressure less than 90 mm Hg, cardiac index less than 2.0 L/min/m 2 , pulmonary capillary wedge pressure greater than 16 mm Hg on adequate inotropes (or evidence of pulmonary edema in the absence of a pulmonary artery catheter), and evidence of end-organ failure or the inability to be weaned from cardiopulmonary bypass for postcardiotomy shock. These patients are rapidly evaluated by our multidisciplinary ''Shock Team,'' which consists of cardiac surgeons, interventional and heart failure cardiologists, nurse practitioners, and intensive care physicians, to determine the most suitable ST-MCS device for each patient. We prefer to use a CentriMag (Thoratec Corp, Pleasanton, Calif) ventricular assist device or venoarterial extracorporeal membrane oxygenation (ECMO). 7, 8 During this study period, other percutaneous devices such as the Impella (Abiomed Inc, Danvers, Mass) and the TandemHeart (CardiacAssist Inc, Pittsburgh, Pa) were used in the catheterization laboratory because of sudden hemodynamic collapse during the interventional procedure or used in other hospitals.
Indication and Surgical Technique of Extracorporeal Membrane Oxygenation and CentriMag Device
The indication and implantation technique for ECMO and CentriMag device have been reported. 7, 8 ECMO is chosen when a patient has unclear neurologic status, has hemodynamics too unstable to allow a safe transfer to the operating room, has developed severe coagulopathy because of shock liver with a sudden and marked elevation in liver enzyme levels, or has received antiplatelet therapy before percutaneous coronary intervention. Depending on the clinical status of the patient, the ECMO device is placed at the bedside, at the catheterization laboratory, or in the operating room by surgeons. Femoral access is the first choice for peripheral cannulation. The ECMO circuit consists of a Quadrox D oxygenator (Maquet, Wayne, NJ), Rotaflow (Maquet), and SMARTcoated tubing (Sorin, Milan, Italy). Biomedicus femoral cannulas (Medtronic, Minneapolis, Minn) are used. Arterial cannula sizes of 15F to 23F and venous cannula sizes of 19F to 25F are used. A distal perfusion cannula is selectively inserted through a cut-down to the superficial femoral artery whenever there is the lack of a strong Doppler signal on the ipsilateral foot.
During this study period, the standard surgical approach for CentriMag device implantation was through a sternotomy using cardiopulmonary bypass. Biventricular support was an essential configuration for patients in cardiogenic shock. Double purse-string sutures with 2-0 or 3-0 polypropylene buttressed with bovine pericardial pledgets were placed at the cannulation sites and passed through DLP tourniquets (Medtronic, Inc). For the LVAD, the inflow cannula (28F-40F) was inserted into the left ventricular (LV) apex. An 8-or 10-mm Dacron graft was sewn onto the ascending aorta. The outflow cannula (18F-24F) was inserted through the graft and secured with silk ties. For the right ventricular assist device (RVAD), the inflow cannula (28F-31F) was inserted into the right atrium, and the outflow cannula (18F-24F) was inserted into the main pulmonary artery. The cannulas were secured to the tourniquets with 0 silk ties. These tourniquets were folded and tied with another 0 silk tie onto the cannula at their entry point to the posterior aspect of the rectus abdominis muscle fascia, which prevented cannula dislodgement and allowed ambulatory rehabilitation.
Anticoagulation with intravenous heparin is initiated at the rate of 300 U/h once coagulopathy is reversed or the chest tube drainage becomes 
Bridge to Decision
While supported by the device, patients are managed by the multidisciplinary Heart Team and undergo evaluation for heart transplantation or durable LVAD as destination therapy. If patients show sustained shock and end-organ dysfunction after percutaneous ST-MCS support, they are converted to CentriMag device support to obtain more powerful and durable support. In our current strategy, we maximize the benefit of ST-MCS to optimize clinical conditions as much as possible. Once the general condition of patients improves, including hemodynamics, neurologic function, and end-organ function, myocardial function is evaluated by device weaning. The weaning study generally is performed in the intensive care unit under monitoring with a Swan-Ganz catheter and echocardiography. According to the weaning test results, the ST-MCS device is explanted to one of the following destinations: exchange to durable LVAD, explantation for myocardial recovery, or explantation for heart transplantation. 7 If a patient shows no sign of LV recovery and satisfies the criteria for a durable LVAD as a bridge to transplant or destination therapy, ST-MCS is converted to a durable LVAD.
In patients with a CentriMag biventricular assist device, an RVAD weaning study was performed. With adequate heparinization, RVAD flow was decreased by 0.5 L every 1 minute to a 1 L/min flow. Adding new vasoactive drugs or nitric oxide inhalation to facilitate weaning was generally not recommended. Maintenance of central venous pressure less than 13 mm Hg, stable mean arterial pressure (>60 mm Hg), and stable LVAD flow ensured sufficient right ventricular function. 7 Patients who passed the RVAD weaning test proceeded to conversion to durable LVAD.
Left Ventricular Assist Device Implant Procedures and Concomitant Procedures
During this study period, the HeartMate II (Thoratec Corp) was chosen for all patients receiving destination therapy. For patients receiving a bridge to transplant, the HeartMate II or HeartWare (HeartWare Corp, Framingham, Mass) was selected according to patients' or health care proxys' request. In patients with preoperative CentriMag device support, inflow and outflow cannulae are removed after the establishment of cardiopulmonary bypass. The LVAD implant procedures are conducted as previously reported. 9 In patients with mild or greater aortic insufficiency, aortic valve repair or replacement with a tissue valve was performed. In most cases, the aortic valve was repaired by approximating the raphe of each leaflet. Mitral valve repair was performed in patients with severe functional mitral regurgitation at the surgeon's discretion. The tricuspid valve procedure generally was performed in cases of moderate or greater tricuspid regurgitation. Tricuspid valve annuloplasty with an annuloplasty ring is the firstchoice procedure. In the case of severe leaflet tethering or destruction, tricuspid replacement is performed with a bioprosthetic valve. The decision regarding concomitant RVAD insertion is made individually for each patient at the surgeon's discretion.
Postdurable Left Ventricular Assist Device Management
After device implantation, all patients received a standardized heart failure medical regimen, including neurohormonal antagonists, diuretics, and antiarrhythmic agents as needed. Antiplatelet and anticoagulation therapy with aspirin and warfarin are implemented once adequate hemostasis has been achieved. Patients receive follow-up at 1 week after the initial discharge and monthly thereafter unless an issue necessitated more frequent visits. Clinic visit frequency varies among patients depending on individual medical issues and travel distances.
Data Collection
Patient data were obtained from electronic medical records. Primary outcome variables included in-hospital mortality and 2-year overall survival. Preoperative variables that may affect the primary outcome were identified, including baseline demographics, medical histories, laboratory values, and hemodynamics. Intraoperative variables were collected, such as cardiopulmonary bypass time, amount of blood products used, and concomitant cardiac procedures. Early postimplantation data included complications occurring between the operation and the hospital discharge. Major adverse events requiring readmission during LVAD support were recorded. These included right heart failure, major bleeding events such as gastrointestinal tract bleeding and significant epistaxis, major cerebral events, cardiac arrhythmia, and infections related or unrelated to the device. Follow-up data were collected for a period of 0 to 6.6 years (mean, 2.21 years; median, 1.28 years; interquartile range, 0.58-3.8 years). Follow-up was complete in 95% of cases as of December 31, 2015. The HeartMate II Risk Score (HMRS) was calculated as follows: HMRS ¼ 0.0274 3 age À 0.723 3 serum albumin (mg/dL) À 0.74 3 serum creatinine (mg/dL) þ 1.136 3 international normalized ratio (INR). 10 The estimated glomerular filtration rate was calculated using the following formula: estimated glomerular filtration rate ¼ 186 3 (serum creatinine/88.4) À 1.154 3 (age) À 0.203 3 (0.742 if female) 3 (1.210 if black). The Model for End-Stage Liver Disease Score (MELD) was calculated using the following formula: MELD score ¼ 10 3
Statistical Analysis
All data were analyzed using SPSS software version 11.0 (SPSS, Inc, Chicago, Ill). Statistical significance was determined on the basis of a predetermined a ¼ 0.05. Categoric variables were summarized with frequencies and percentages and compared across groups using chi-square or Fisher exact tests. Continuous variables are summarized as mean AE standard deviation or median (interquartile range). Two-sample t tests, Mann-Whitney U test, or paired t test was used for comparisons across groups. Overall survival was estimated using Kaplan-Meier curves and compared across groups using log-rank tests. Multivariable logistic regression models were used to identify the risk factors for in-hospital mortality. Cox regression hazard models for survival outcomes were used to adjust for the effects of preoperative variables on midterm survival. In both regression models, variables included in the univariate analysis are detailed in Table E1 . The factors in univariate analysis with P less than .10 were considered for a multivariate logistic regression or Cox hazard model to identify the risk factors. In the multivariate logistic regression model for in-hospital mortality, we enrolled the 3 most clinically important parameters (use of ST-MCS, use of postoperative RVAD, and hemoglobin level) because there were only 27 (7%) mortalities. For the Cox regression hazard model, we included 10 parameters: age, use of ST-MCS, redo, hemoglobin, creatinine, albumin, cardiopulmonary bypass time, red blood cell transfusion, fresh-frozen plasma, and use of postoperative RVAD. The percentage of patients who had missing values in the risk analysis was less than 2%, and they were excluded from the multivariate analysis.
RESULTS

Short-Term Mechanical Circulatory Support Used and Effect of Short-Term Mechanical Circulatory Support on Refractory Cardiogenic Shock
The ST-MCS devices used in 45 patients as BTB therapy are summarized in Figure 1 . For initial support, 21 patients (47%) underwent CentriMag ventricular assist device insertion. Twenty-four patients (53%) received a percutaneous device as an initial support. Of these, 14 patients (7 with ECMO, 5 with Impella, 1 with ECMO and Impella, 1 with TandemHeart) underwent primary conversion to durable LVAD. Ten patients (6 with ECMO, 1 with Impella, 2 with ECMO and Impella, 1 with TamdemHeart) required further optimization with the CentriMag biventricular assist device because of sustained shock and end-organ dysfunction. In total, 31 patients had CentriMag device support before durable LVAD insertion. Table 1 shows the patients' characteristics before receiving ST-MCS. Patients had high filling pressure with a low mixed venous saturation level and elevated serum lactate level. The renal and hepatic functions were severely impaired. The calculated HMRS and MELD score were 2.58 AE 1.76 and 18.6 AE 8.5, respectively. Patients who received a percutaneous device as initial support were more likely to be intubated and to have cardiopulmonary resuscitation at the time of insertion.
The median ST-MCS duration was 14.0 (7.5-29.5) days. The change of end-organ function from before to after ST-MCS (before durable LVAD implantation) is shown in Table 2 . Renal function remarkably improved after ST-MCS support, but the serum albumin level significantly decreased. The calculated MELD score and HMRS showed significant improvement during ST-MCS support. Subgroup comparison according to the type of ST-MCS at the time of durable LVAD implant is listed in Table 2 . Hepatic function including transaminase and total bilirubin tended to be more normalized in patients with CentriMag device support. The MELD score was significantly higher in patients with a percutaneous device.
Baseline Comparison Between the Bridge-to-Bridge Group and Primary Durable Left Ventricular Assist Device Group
Baseline characteristics before conversion to durable LVAD in the BTB group were compared with those of 337 patients who underwent primary durable LVAD implantation without bridge (nonbridging group) (Table E2) . Patients in the BTB group were significantly younger. The nonbridging group had more nonischemic causes. The central venous pressure, mean pulmonary artery, and pulmonary capillary wedge pressure were significantly lower in the BTB group. Preoperative renal function was significantly better in the BTB group, whereas hepatic function was better in the nonbridging group. The calculated HMRS was similar between the 2 groups.
Intraoperative and Early Postoperative Outcomes
Intraoperative and early postoperative outcomes are summarized in Table 3 . Most patients (91%) received the HeartMate II device. Of note, the incidence of postoperative RVAD placement was high, up to 27%. In-hospital mortality was 18%. The outcome comparison between 14 patients with percutaneous device and 31 patients with CentriMag device support before conversion to durable LVAD is outlined in Table 3 . Patients with CentriMag device support had longer support duration than patients with a percutaneous device. The incidence of postoperative RVAD use and in-hospital mortality was higher in patients with percutaneous devices compared with patients with the CentriMag device, although the differences did not reach statistical significance.
In the entire cohort of 382 patients, 27 (7%) died during index hospitalization. Multivariable logistic regression analysis for in-hospital mortality in the entire cohort revealed that low hemoglobin levels (odds ratio, 0.67; P ¼ .002; 95% confidence interval, 0.50-0.87) and the use of postoperative RVAD (odds ratio, 15.4; P ¼ .001; 95% confidence interval, 5.77-42.2) were independent risk factors for in-hospital mortality. The use of ST-MCS was not a predictor for in-hospital mortality (odds ratio, 1.22, P ¼ .744; 95% confidence interval, 0.39-4.19).
Midterm Outcomes
Of 37 patients who were discharged, 6 died during the 2-year follow-up. The cause of death was stroke in 1 patient, sepsis in 1 patient, pump failure in 1 patient, malignancy in 1 patient, and others in 2 patients. Nineteen patients (42%) successfully bridged to heart transplantation and 6 patients (13%) underwent LVAD explantation because of native heart function recovery within 2 years. The cause of cardiogenic shock in 6 patients who experienced myocardial recovery was fulminant myocarditis in 2, postcardiotomy shock in 2, acute myocardial infarction in 1, and acute decompensating heart failure in 1. Competing outcomes depiction in the BTB group are shown in Figure 2 .
The overall survival of patients in the BTB group is shown in Figure 3 . Overall survival was 70% and 62% at 1 and 2 years, respectively. The 2-year overall survival was similar between patients who received the percutaneous ST-MCS (n ¼ 14) and patients who received the CentriMag device (n ¼ 31) before conversion to durable LVAD (56% vs 66%, P ¼ .306). The Kaplan-Meier curve stratified by RVAD use is shown in Figure 4 . Patients who required RVAD had worse survival than those without RVAD.
Early and late outcomes in the BTB group were compared with the nonbridging population (Table E3) . The overall survival, overall survival after the initial discharge, and overall survival in patients who did not require RVAD support between groups are shown in Figure E2 , A-C. The BTB groups had worse early and late outcomes compared with the nonbridging population. The overall survival at 2 years was significantly worse in the BTB group (62% vs 80%, P ¼ .009). However, the overall survival of patients who could be discharged after durable LVAD implantation was similar between the 2 groups (81% vs 88%, P ¼ .501). Likewise, if patients did not ST-MCS, Short-term mechanical circulatory support; BSA, body surface area; BMI, body mass index; AMI, acute myocardial infarction; ADHF, acute decompensating heart failure; DM, diabetes mellitus; HT, hypertension; PVD, peripheral vascular disease; COPD, chronic obstructive pulmonary disease; CVA, cerebrovascular accident; IABP, intra-aortic balloon pumping; CPR, cardiopulmonary resuscitation; CVVHD, continuous veno-venous hemodialysis; CVP, central venous pressure; mPAP, mean pulmonary arterial pressure; AST, aspartate transaminase; ALT, alanine transaminase; T-bil, total bilirubin; BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate; INR, international normalization ratio; WBC, white blood cell count; MELD, Model for End-Stage Liver Disease; HMRS, HeartMate Risk Score.
require postoperative RVAD, overall survival at 2 years was 80% in the nonbridging group and 74% in the BTB group (P ¼ .793).
In the entire cohort of 382 patients, 113 (30%) died during the follow-up period of this study. The Cox proportional hazard analysis in the entire cohort was performed to elucidate the risk factors for overall death during midterm LVAD support (Table E4) . In this analysis, older age, higher preoperative serum creatinine, more red blood cell product transfusions, and postoperative temporary RVAD were independent risk factors. The use of ST-MCS was not a risk factor for overall mortality.
Outcomes Stratified by Right Ventricular Assist Device Use
Because the use of an RVAD was a significant independent predictor for early and late death, we performed a subgroup analysis according to RVAD use. We compared baseline parameters in BTB cases according to the postoperative RVAD requirement (Table 4) . Compared with patients who did not require an RVAD, patients who did receive an RVAD were more likely to have a larger body surface area and body mass index, higher central venous pressure and serum bilirubin level before ST-MCS, and higher serum potassium and INR levels before durable LVAD implantation.
DISCUSSION
The primary findings of this study are as follows: (1) ST-MCS could optimize end-organ function and hemodynamics and serve as a bridge to durable LVAD in patients in refractory cardiogenic shock; (2) despite optimization, outcomes in BTB cases were not satisfactory because of severe right heart failure after conversion to durable LVAD; (3) midterm survival in the BTB cases was comparable to that in the nonbridging population if patients did not require an RVAD; and (5) the use of ST-MCS was not a predictor for early or late mortality.
Patients with an INTERMACS profile I classification are defined as ''crashing and burning'' subjects with cardiogenic shock that is refractory to inotropes. However, the INTERMACS classification only provides a snapshot of hemodynamic status and does not necessarily discriminate between patients with preserved end-organ function and those with advanced end-organ dysfunction. In-hospital mortality in this subgroup remains high, and current recommendations are unclear about the utility of primary durable LVAD implantation. 4, 11 Adamo and colleagues 12 reported that 90-day mortality of durable LVAD implantation for patients with an INTERMACS profile I was 6.95% to 39% depending on the preoperative HMRS. This study suggested that the INTERMACS profile I includes a wide range of population according to their status except for the hemodynamic condition. Our BTB cases presented with refractory cardiogenic shock and severe end-organ dysfunction. The HMRS before ST-MCS was 2.6 (high-risk group). Our patients seemed to be an extremely high-risk cohort for the implantation of a durable ventricular assist device at the time of presentation. Our study showed that ST-MCS could restore the end-organ function and hemodynamics before durable LVAD implantation. In particular, ST-MCS can optimize renal function that has been reported as an important risk factor for overall survival after durable LVAD implantation. [13] [14] [15] [16] In the refractory cardiogenic shock setting, it is difficult to predict end-organ function reversibility. We believe that the bridging strategy using ST-MCS is more rational for elucidating a patient's appropriate candidacy for a durable ventricular assist device, optimizing the patient's condition, and aiming at an appropriate goal in each patient (ie, recovery, transplantation, durable ventricular assist device) in patients with an INTERMACS profile I complicated by end-organ failure.
On the other hand, this study elucidated possible disadvantages or limitations of the BTB strategy. Despite the optimization of hemodynamics and renal function, the BTB group had inferior early and late outcomes compared with the nonbridging group. This worse survival in the BTB group can be largely explained by severe right heart failure after durable LVAD implantation. The rate of RVAD use was high up to 27%. The outcome was comparable between BTB and nonbridging groups in patients who did not require postoperative RVAD or in those who could be discharged after durable LVAD insertion. Postoperative severe right ventricular failure requiring an RVAD has been known to be a significant risk factor for death after LVAD insertion. 17, 18 In our study, postoperative severe right ventricular failure requiring RVAD also was an RVAD, Right ventricular assist device; BSA, body surface area; BMI, body mass index; ST-MCS, short-term mechanical circulatory support; CVP, central venous pressure; mPAP, mean pulmonary arterial pressure; BUN, blood urea nitrogen; AST, aspartate transaminase; ALT, alanine transaminase; T-bil, total bilirubin; MELD, Model for End-Stage Liver Disease; HMRS, HeartMate Risk Score; LVAD, left ventricular assist device; WBC, white blood cell; INR, international normalization ratio; CPB, cardiopulmonary bypass.
independent predictor for early and late death. Several studies reported that cardiogenic shock due to LV pump failure can deteriorate intrinsic right ventricular function through pulmonary hypertension, pulmonary endothelial dysfunction, proinflammatory cytokine levels, or myocardial ischemia. [19] [20] [21] The INTERMACS annual report revealed that patients with an INTERMACS profile I developed postoperative right heart failure more frequently than those with other profiles. 4 Others showed that an INTERMACS profile I or preoperative ECMO use was a risk factor for requiring postoperative RVAD after durable LVAD insertion. 4, 22, 23 In these reports, preoperative central venous pressure level was a predictor of postoperative severe right ventricular failure requiring RVAD. Hemodynamic indices are reported to be reliable and strong predictors for severe right heart failure after LVAD insertion. 17, 18, [22] [23] [24] However, in the present study, all hemodynamic values before durable LVAD in the BTB group were better than those in the nonbridging group, because the majority of BTB cases received right ventricular unloading by ECMO or CentriMag RVAD. These findings suggest that hemodynamic indices do not reflect true right ventricular function, and we may underestimate the possibility of biventricular failure in patients in refractory cardiogenic shock.
To avoid unplanned RVAD insertion, assessment of right ventricular function is essential before durable LVAD insertion. In patients with CentriMag biventricular support, we routinely performed an RVAD weaning test to assess right ventricular function in the loading condition. However, in patients with ECMO, it is difficult to assess right ventricular function in the loading condition without compromising systemic flow in the setting of failed LV. In our subgroup analysis (Table 4) , patients who required an RVAD after durable LVAD insertion had higher central venous pressure and INR values before receiving ST-MCS, suggesting that those had worse right ventricular function. This result suggests that hemodynamic indices before ST-MCS may be a predictor for severe right ventricular failure after durable LVAD implantation. However, further sophisticated methods to estimate accurate right ventricular function in patients with ST-MCS are warranted.
Various types of ST-MCS have been developed and are available now for the BTB strategy. The role of using a percutaneous device has rapidly increased because of its convenience and less invasiveness. 25 However, there remain limitations, especially in power, durability, requirement of special skill for insertion, and a patient's immobility. 26 Although a temporary ventricular assist device such as the CentriMag has the advantage of providing sufficient support, durability, and mobility, the standard technique requires a median sternotomy and the use of cardiopulmonary bypass. 7 Currently, there is no consensus regarding the choice of ST-MCS for the BTB strategy. Our subgroup analysis demonstrated that CentriMag device support could provide longer support time with better restoration of hepatic function. The incidence of severe right ventricular failure requiring RVAD and in-hospital mortality was relatively higher in patients bridged with a percutaneous device, although the small number of patients precludes a definitive conclusion. A further study including a larger number of patients is required to determine the optimal choice of device and timing of conversion to durable LVAD.
Intraoperative factors were important to avoid postoperative RVAD. In the present study, patients with postoperative RVAD required a significantly longer cardiopulmonary bypass time and a trend of more blood products transfusion than patients without RVAD. Longer cardiopulmonary bypass time and more blood product transfusions deteriorate right ventricular function. 24 In patients with the CentriMag device, we often encountered dense adhesions around the cannulae that certainly increased the surgical complexity. It is critically important to minimize surgical invasiveness to avoid postoperative right heart failure. Since 2015, we have changed our strategy to spare the sternum and facilitate the second definitive surgery. We currently perform minimally invasive CentriMag placement using a minithoracotomy.
The BTB group had a higher myocardial recovery rate (13%) than the nonbridging population (1%) ( Table E3 ). This rate was higher than the rate in the INTERMACS report. 4 The reason for this difference can be explained by the differences in age and causes. Our BTB cohort included younger patients and patients in acute failure, such as those with acute myocardial infarction, fulminant myocarditis, or postcardiotomy shock. In the present study, 1 patient (5%) of 20 with acute myocardial infarction, 2 (100%) of 2 patients with fulminant myocarditis, and 2 (40%) of 5 patients with postcardiotomy shock achieved myocardial recovery. Younger patients with a nonischemic cause and short duration of heart failure symptoms have a good chance for myocardial recovery after LVAD support. 27, 28 It seems reasonable to administer optimal heart failure medication and evaluate serial cardiac function for possible myocardial recovery after durable LVAD implantation in selected patients who initially presented with refractory cardiogenic shock and an acute failure cause.
Study Limitations
There are several limitations to the present study. First, this was a single-center retrospective study. It remains unclear whether the BTB strategy is superior to the primary implantation of a durable LVAD for patients in refractory cardiogenic shock because of the lack of controls. In addition, only patients who had durable LVAD insertion were evaluated, and patients who died or recovered during ST-MCS support were not analyzed. Third, the percutaneous ST-MCS included various device types. Because the number of patients was small, we lack the statistical power to draw a conclusion regarding the optimal bridge strategy.
CONCLUSIONS
ST-MCS can optimize patients in refractory cardiogenic shock and serve as a bridge to durable LVAD implantation. However, early and late mortality rates after durable LVAD implantation are high because of unrecognized severe right ventricular failure requiring RVAD support.
Key Words: bridge to bridge, cardiogenic shock, left ventricular assist device, short-term mechanical circulatory support Discussion Dr A. Shah (Nashville, Tenn). The authors have reported a single-center series of patients who initially received a short-term circulatory device and then a durable LVAD. The decisions for device support type and timing of durable LVAD implant were not protocolized but rather at the discretion of the shock team and implanting surgeon. This BTB strategy was initially reported in 1999 by Frank Pagani at the University of Michigan, and despite all this time we remain challenged by this group of patients.
This topic is of great interest. The findings of this study are predictable: increased hospital and long-term mortality, increased right ventricular failure and need for RVADs, and increased mortality in this cohort.
I have several questions. I am going to focus on this right ventricle failure issue. First, was there any association between the need for an RVAD and the method of shortterm mechanical support? As part of this theme of LV decompression, did better LV decompression reduce the need for a postoperative RVAD?
Dr Takeda (New York, NY). We compared our RVAD outcome between the CentriMag device and the ECMO, but the numbers were so small in each group there was no significant difference between the 2 types of device. Dr Shah. It might be something to explore back at the data set to take a look at how well those patients were decompressed.
Dr Takeda. Obviously, CentriMag recipients always had an LV apical vent, so it was well decompressed.
Dr Shah. It's something to tease out in your article. As much as I hate to admit it, lactate appears to be an important biochemical marker of end-organ recovery. How did lactate change during the period of short-term support between the patients requiring RVADs and those who did not? Dr Takeda. Lactate level normalized during the support of short-term mechanical devices. At the time of shock, the mean value was 4.2, which in all of these cohorts was normalized during support. Therefore, there is no significant difference of lactate level between RVAD versus no RVAD. The patients with a high lactate level at the time of shock tend to die during support, so it's obviously biased. Those patients did not reach bridge to LVAD therapy.
Dr Shah. The article could be enhanced by better assessments of right ventricle risk scores. You used the HMRS II, but I think we have better risk scoring systems. The Kormos, pulmonary artery pulsatility index, or even MELD score appears to discriminate high-risk patients. I encourage you to incorporate that in your article. I think describing the patients who did not survive your bridging strategy will greatly enhance this article. Can you comment on the patients who did not survive?
Dr Takeda. Unfortunately, we didn't calculate the Kormos or pulmonary artery pulsatility index scores, but we calculated the MELD score. In the patients who died, although it was not statistically significant because of the small number of patients, but compared with patients who survived, the MELD score is higher, as in 21 BTB, Bridge-to-bridge; BSA, body surface area; ADHF, acute decompensating heart failure; AMI, acute myocardial infarction; ALT, alanine transaminase; AST, aspartate transaminase; BMI, body mass index; BUN, blood urea nitrogen; COPD, chronic obstructive pulmonary disease; CPR, cardiopulmonary resuscitation; CVA, cerebrovascular accident; CVVHD, continuous veno-venous hemodialysis; CVP, central venous pressure; DM, diabetes mellitus; DT, destination therapy; eGFR, estimated glomerular filtration rate; HT, hypertension; HMRS, HeartMate Risk Score; IABP, intra-aortic balloon pump; INR, international normalization ratio; MELD, Model for End-Stage Liver Disease; mPAP, mean pulmonary arterial pressure; PCWP, pulmonary capillary wedge pressure; PVD, peripheral vascular disease; T-bil, total bilirubin; WBC, white blood cell. 
